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‘We present a new method to describe tissue-specific function that leverages the advan-
tage of the Cap Analysis of Gene Expression (CAGE) data. The CAGE expression data
represent the number of mRNAs of each gene in a sample. The feature enables us to
compare or add the expression amount of genes in the sample. As usual methods com-
pared the gene expression values among tissues for each gene respectively and ruled out
to compare them among genes, they have not exploited the feature to reveal tissue speci-
ficity. To utilize the feature, we used Gene Ontology terms (GO-terms) as unit to sum up
the expression values and described specificities of tissues by them. We regard GO-terms
as events that occur in the tissue according to probabilities that are defined by means of
the CAGE. Our method is applied to mouse CAGE data on 22 tissues. Among them, we
show the results of molecular functions and cellular components on liver. We also show
the most expressed genes in liver to compare with our method. The results agree well
with well-known specific functions such as amino acid metabolisms of liver. Moreover,
the difference of inter-cellular junction among liver, lung, heart, muscle and prostate
gland are apparently observed. The results of our method provide researchers a clue to
the further research of the tissue roles and the deeper functions of the tissue-specific
genes. All the results and supplementary materials are available via our web site.
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1. Background

Analysis of gene expression has contributed to reveal the roles and functions of
genes. Many researchers have studied genes with similar expression pattern [1] and
have inferred the regulation networks of genes [2, 3]. The gene expressions are also
used to reveal the roles and functions of tissues from the view point of genes. It
is reasonable to infer that over-expressed genes in a tissue closely related to the
functions of the tissue, and the genes that are not highly but expressed only in a
particular tissue are also be related to. Hereafter, we call these tissue-specific genes.
To observe gene expression, DNA microarrays [1, 4], EST (Expression Sequence Tag)
[5], SAGE (Serial Analysis of Gene Expression) [6, 7], MPSS (Massively Parallel
Signature Sequencing) [8], and CAGE (Cap Analysis of Gene Expression) [9, 10]
has been widely used. Using these experimental data, Schug et al. found tissue-
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specific promoter features as measured by Shannon entropy [11], and Kadota et
al. proposed a method to identify tissue-specific genes by outlier detection [12, 13].
When genes turn out to be tissue-specific, the functions of the genes help us to
reveal the tissue-specific functions.

However, functions of the tissue-specific genes are insufficient to describe tissue-
specific functions. Firstly, the genes that express significantly in a tissue not neces-
sarily mean that the genes express higher than other genes. Of course, the tissue-
specific genes with lower expression amount will be influenced to the inherent func-
tion of the tissue, but they can be lightly affected to than tissue-specific genes with
higher expression amount. Secondly, it is natural that a set of genes contribute
a role of tissues. For examples, hemoglobin is a hetero-dimer protein one of whose
molecular function is oxygen binding. Biological process like chitin metabolisms and
cellular components such as desmosome or connexson complex are closely-related
to the functions of the tissue. As usual methods only focused on functions of genes,
they wrote off the functions composed by a set of the genes. The aim of our study
is to propose a method to determine, as completely as possible, tissue-specific func-
tions that are hard to be identified from the tissue-specific genes described by usual
methods.

To describe tissue-specific functions, we use Gene Ontology (GO) [14]. GO pro-
vides a set of structured vocabularies for specific biological domains that can be
used to describe the domain in terms of their associated biological process, cellular
components and molecular functions, in a species-independent manner. Each word
is called a GO-term, and relationships among GO-terms are described as a directed
acyclic graph, such that the child GO-term has more specific meanings than the
parent GO-term. At present, GO is the only solution to describe the function of
genes systematically and computationally and has become de facto standard for
gene annotations [15, 16].

To measure tissue specificity of the functions by gene expression profiles, it is
required to sum up the expression value of the genes along the hierarchical struc-
ture of gene ontology. Therefore, the expression values are required to be addable.
The expression profiles also need to be measured cyclopedically. Among the gene
expression-measuring methods, CAGE is the only one that satisfies these two con-
ditions [17]. CAGE is a sequence based technology with which to collect 20bp tags
from the 5’-end of transcripts in a sample exhaustively [9, 10, 17-19]. The collected
tags are sequenced and mapped to the genome to identify which genes are expressed.
As the number of the mapped tags represents the number of mRNA of the target
gene in the sample, the gene expression data measured by CAGE is addable.

EST and SAGE also measure gene expression by sequencing transcripts. EST
makes cDNA clones from transcripts and determines clone sequences from the 5'-
end or 3’-end. The sequence lengths are several hundred bases. EST has contributed
greatly to the detection of genes, gene annotations and establishment of the gene
expression profiles. However, the sequences used as EST are too long to identify the
expressed gene on a cost. Therefore, EST has been replaced with a more efficient
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method, namely SAGE. SAGE collects 10bp tags from the 3’-end of transcripts.
As 10 to 20 tags are concatenated at a time to determine the sequence, SAGE
is an efficient method to observe gene expression. However, SAGE requires the
recognition sequence of Nlalll, namely CATG, near the 3’-end of the transcripts
in order to collect the tags. It disturbs SAGE to observe the expression of genes
exhaustively.

DNA microarrays and MPSS use competitive hybridization to observe gene ex-
pression. They anchor complementary strands of target genes on glass plates or solid
beads, dye genes from the target condition and control condition with different col-
ors, and then competitively hybridize the genes to the complementary strands. Gene
expression is measured as the proportion of the brightness of the two colors. These
methods measure the gene expression in the target condition based on the mag-
nification factor over the control. Therefore, they cannot compare the expressions
of two genes in the same condition. More directly saying, it is impossible to know
which gene is more highly expressed. The gene expression data from these methods
is not addable, and cannot be used to determine tissue-specific functions.

One of the simplest ways to measure the tissue-specificity of a function is the
summation of the expression amount of the genes that play a role of the function.
It can be reasonable, but includes an imperfection. The functions of house-keeping
genes, which are expressed highly in all tissues and consequently they are inap-
propriate as tissue-specific, will be over estimated. To avoid the imperfection, we
applied the information content that is an idea in the field of information theory [20]
to our measurement of tissue-specificity.

Let E be an event that occurs according to the probability p, then information
content of the event E is defined as — log(p). In this paper, the events correspond to
the functions or GO-terms. The probability of a GO-term is defined as X/Y’, where
X is the summation of the CAGE tags of the genes that have the GO-term and Y is
the summation of all the tags in the tissue. The information content of the GO-term
is —log(X/Y). We defined the tissue-specificity of a GO-term as the difference in
information content between the target tissue and whole tissues. We used 11,567,973
CAGE tags from 22 tissues of mouse offered by the FANTOM consortium [17] for
the analysis of tissue-specific functions.

2. Results

Twenty two tissues of mouse CAGE data [17] were used to calculate tissue spe-
cific functions, and we selected liver, in which the largest number of tags are mea-
sured among 22 tissues, to show the results. GO-terms had three main categories:
molecular function, biological process and cellular component. Due to space limi-
tation, we chose molecular function and cellular component to show the result. As
no usual method were utilize the countable expression data and the hierarchy of
Gene Ontology, we show the Top 20 GO-terms of the most expressed genes for the
comparison. The rhost expressed genesmeans that the numbers of mRNA in the
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Table 1. Top20 TSFs of liver on Molecular Function

rank GO-term EC #tag  #norm.
TSF MEG number tag
1 9139  biphenyl-2,3-diol 1,2-dioxygenase activity 1.13.11.39 3 0.9
2 4527  antifungal peptide activity 33 9.8
3 1672  endogenous peptide antigen binding 153 45.5
4 199 alcohol sulfotransferase activity 2.8.2.2 1214 361.3
5 120 tyrosine transaminase activity 2.6.1.5 1837 546.7
6 266 urocanate hydratase activity 4.2.1.49 941 280.0
7 140 betaine-homocysteine S-methyltransferase activity 2.1.1.5 2660 791.6
8 140 homocysteine S-methyltransferase activity 2.1.1.10 3030 901.7
9 103 urate oxidase activity 1.7.3.3 2219 660.3
9 - oxidoreductase activity, acting on other nitrogenous 2219 660.3
compounds as donors
9 - oxidoreductase activity, acting on other nitrogenous 2219 660.3
compounds as donors, oxygen as acceptor
12 14 4-hydroxyphenylpyruvate dioxygenase activity 1.13.11.27 7919 2356.6
12 14 quercetin 2,3-dioxygenase activity 1.13.11.24 7919 2356.6
14 369 plasmin activity 3.4.21.7 701 208.6
15 538 carbamoyl-phosphate synthase (ammonia) activity 6.3.4.16 513 152.7
15 538 carbamoyl-phosphate synthase 6.3.5.5 513 152.7
(glutamine-hydrolyzing) activity
17 558 protein C (activated) activity 3.4.21.69 496 147.6
18 249 acyl-CoA ligase activity 992 295.2
18 249 butyrate-CoA ligase activity 6.2.1.2 992 295.2
20 275 triglyceride binding 907 269.9

cell are the largest among all the genes, which was a basic method that utilizes
the countability to reveal the tissue specificity. The rankings of all the 22 tissues
and the three GO-term categories are available from the certificated WEB page:
http://tsf.ics.es.osaka-u.ac.jp with (user,password) = (TSF,storia1441)*. The sup-
plementary tables are also placed the WEB page described above.

2Certification will be removed after the paper is accepted
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Table 2. Top20 MEGs of liver on Molecular Function

rank GO-term EC #tag #norm.
TSF  MEG number tag
241 1 ferric iron binding 62181 18504.3
1136 2 chaperone activity 43354 12901.6
1198 2 GTPase activity 3.6.5.1-4 61246 18226.0
1342 2 structural molecule activity 93385 27790.2
1218 2 structural constituent of cytoskeleton 53137 15812.9
1089 2 GTP binding 88836 26436.5
1129 2 MHC class I protein binding 43004 12797.4
736 3 peroxidase activity 1.11.1.7 30531 9085.6
376 3 glutathione peroxidase activity 1.11.1.9 20721 6166.3
407 3 oxidoreductase activity 265408  78982.1
382 4 MHC class I receptor activity 24287 7227.5
170 5 monooxygenase activity 40237 11974.0
71 5 oxidoreductase activity, acting on paired donors, 26818 7980.7
with incorporation or reduction of molecular oxygen,
reduced flavin or flavoprotein as one donor, and
incorporation of one atom of oxygen
649 6 transcription corepressor activity 16399 4880.1
1237 6 protein binding 291171  86648.8
454 7 carrier activity 115575  34393.7
505 7 lipid binding 49978 14872.8
166 8 electron carrier activity 21581 6422.2
162 8 oxidoreductase activity, acting on single donors 22954 6830.8
with incorporation of molecular oxygen,
incorporation of two atoms of oxygen
108 8 cysteine dioxygenase activity 1.13.11.20 10529 3133.3

2.1. Molecular Functions

Table 1 shows top 20 GO-terms of molecular function calculated by our method
(TSF), and table 2 shows top 20 GO-terms of the most expressed genes (MEG).
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